Using transgenic mice with spermatozoa expressing enhanced green fluorescent protein in their acrosome and red fluorescent protein in their midpiece mitochondria, we followed the behavior of spermatozoa within the female genital tract after natural mating. When examined 15 min after coitus, many spermatozoa were around the opening of the uterotubal junction. Spermatozoa that entered the uterotubal junction were seemingly not moving, yet they steadily migrated toward the isthmus at a speed only time-lapse video recording could demonstrate. Many spermatozoa reaching the lower isthmus were motile. The site where spermatozoa attached and detached from the isthmus epithelium shifted from the lower to the upper segment of the isthmus with time. Virtually all the live spermatozoa within the lower isthmus were acrosome intact, whereas many of the actively motile spermatozoa in the upper isthmus were acrosome reacted. As far as we could observe, all the spermatozoa we found within the lumen of the ampulla and the cumulus oophorus were acrosome reacted. Even though we saw only a very few spermatozoa within the ampulla during fertilization, all were associated with, or were already within, oocytes, indicating that mouse fertilization in vivo is extremely efficient.
INTRODUCTION
In mammals, vast numbers of spermatozoa are deposited in the lower female reproductive tract during coitus. In some species such as laboratory rodents and pigs, the fertilizing spermatozoa are sequestered in the isthmic region of the oviduct until ovulation begins [1, 2] . It is known that only a small fraction of these spermatozoa is able to reach the site of fertilization, the ampullary region of the oviduct [3] [4] [5] . The mechanism by which these spermatozoa ascend the female reproductive tract is not fully understood. In some species such as small rodents and shrews, live spermatozoa can be seen through the thin wall of the mid-and upper oviduct [6, 7] , but those within the uterus and lower segments of the oviduct with thick muscular walls cannot be seen with clarity. To circumvent this problem, we used transgenic mice with spermatozoa expressing green fluorescent protein (EGFP) in their acrosome and red fluorescent protein (DsRed2) in their midpiece mitochondria, abbreviated as RBGS mice in this paper. This enabled us to examine live mouse spermatozoa within the uterus and in the lower segment of the oviduct as well as those ascending to the ampullary region of the oviduct. According to Jin et al. [8] , who used the same transgenic mice, most fertilizing mouse spermatozoa were acrosome reacted before reaching the surface of oocytes' zonae pellucidae. In the present study, we mated female mice with transgenic RBGS male mice. This allowed us to examine both acrosomal status and the behavior of spermatozoa within the uterus and oviduct. Using this experimental setting, we live imaged the sitespecific manner of sperm ascension in the female reproductive tract, from uterus to the ampulla part of the oviduct where unfertilized oocytes resided, and described the acrosomal status of spermatozoa in various areas of the female reproductive tract.
MATERIALS AND METHODS

Animals
All the experiments reported here were approved by the Animal Care and Use Committee of the Research Institute for Microbial Diseases, in accordance with the Guidelines for Proper Conduct of Animal Experiments, Science Council of Japan. The B6D2F1-Tg (CAG/su9-DsRed2, Acr3-EGFP)RBGS002Osb) male mice [9] are referred to as RBGS. B6D2F1 female mice, 8-wk old, were purchased from CLEA Japan, Inc. (Tokyo, Japan). All mice were maintained with controlled lighting conditions (light 08:00-20:00; dark 20:00-08:00). Mature female mice were mated with RBGS mice with or without treatment for superovulation: intraperitoneal injections of 5 U of equine chorionic gonadotropin (eCG) followed by injection of 5 U of human chorionic gonadotropin (hCG) 48 h later.
Schedule of Mating and Observations
Female mice were put in the cages of RBGS mice starting 11 h after hCG injection (we called this restricted mating). The presence of a copulation plug was checked every 15 min. The time when the copulation plug was first found was recorded as 0 h postcoitum. The male mouse was removed from the cage, and oviducts were examined in situ or after removal from the animal's body at various times after copulation. For the experiments shown in Supplemental Table S1 (Supplemental Data are available online at www.biolreprod.org), female mice were caged with the RBGS mice from 22:00 to 24:00 h without treatment for superovulation.
Examination of Spermatozoa Within the Uterus and Oviduct Isolated from the Animal's Body
After females were euthanized by cervical dislocation, and the entire uterus and oviduct of one side of an animal were removed, taking special care to keep the uterotubal junction (UTJ) region and oviductal wall as intact as possible. The preparation was very lightly compressed between the slide glass and a cover glass for examination. Prior to that, two-sided adhesive tape was cut into rectangles (5 3 20 mm) and stacked into several layers to be slightly thinner than the oviduct. For the experiment shown in Figures 1, 3 , and 4, an oviduct was stretched out after cutting the mesosalpinx with great care. It was put on a glass slide between the two stacks of adhesive tape placed 20 mm apart, covered with liquid paraffin oil, and compressed gently under a coverslip. The uterus and oviduct were examined using fluorescence microscopy on a warm plate to keep the specimen at 378C (Supplemental Fig. S1 ).
For Figure 3E and Supplemental Movie S1, the oviduct was embedded between a slide glass and a coverslip with PBS. Spermatozoa in the isthmus were observed using a Nikon Macro confocal microscopic system (AZ-C2þ), in which an AZ100 macro zoom microscope was equipped with a C2þ confocal scanner unit. Green and red channels were used to observe the EGFP and DsRed2 fluorophores, respectively (488-nm and 561-nm lasers were used for excitation), and 50 planes were captured at 2.444 lm intervals in the Z-axis. Image acquisition and movie construction were accomplished using Nikon's software, NIS elements AR (4.11.00).
Artificial Insemination
Spermatozoa from RBGS mice were incubated in 100 ll Toyoda, Yokoyama, and Hoshi medium (TYH) [10] (Supplemental Table S2 ) for 2 h to yield a suspension containing approximately 25% acrosome-reacted spermatozoa by fluorescence-activated cell sorting analysis [11] . Females were superovulated, and 12 h after the hCG injection, the females were anesthetized by Avertin (2, 2, 2-tribromoethanol) and sperm suspension (about 50 ll) was transferred into a tuberculin syringe with a 21G gauge needle and injected into each uterine horn (approximately ;10 7 spermatozoa/horn).
In Situ Imaging
While a female mouse was under anesthesia using isoflurane vapor, one of its uterus-oviduct-ovary complexes was pulled out of the body through a midlateral incision, care being taken to avoid bleeding. The organ complex was observed using a glass-bottomed dish. We made a notch of about 4 mm (using a soldering iron) on the side of the dish, and the uterus was laid across this notch, the rest of the complex being laid on the bottom. The ovarian end of the complex was fixed to the bottom of the dish using instant adhesive glue (Aronalpha A; Sankyo, Inc., Tokyo, Japan) to prevent the whole complex from slipping back into the animal body. The dish was then filled with phosphatebuffered saline (PBS). Mice and dish were kept warm by a plate heater and a lens heater, respectively (Supplemental Fig. S1 ). Time-lapse video recordings were taken at 30-sec intervals using a Keyence Corporation (Osaka, Japan) BZ-8000 fluorescence microscope.
Collection of Oocytes and Assessment of Fertilization
After examination of oocytes and spermatozoa within the ampulla, cumulus-enclosed oocytes were flushed out of the ampulla. The oocytes were further incubated in KSOM [12] at 378C. Those reaching the 2-cell stage after 24 h of incubation were considered fertilized.
Examination of Mouse Spermatozoa in a Very Viscous Medium
In one experiment, fresh spermatozoa from the cauda epididymidis were suspended in TYH medium (10 7 spermatozoa/ml), and then 0.2 ll of the sperm suspension was added to the edge of a 10 ll droplet of 3% hyaluronate (087-04511; WAKO Pure Chemical Industries, Ltd., Osaka, Japan) dissolved in TYH medium on a culture dish covered by paraffin oil. Spermatozoa swimming into this viscous solution were recorded using a Sony Handycam video recorder. Images were examined later at normal and fast-forward speed.
RESULTS
Progression of Fertilization In Vivo
To assess fertilization in vivo, superovulated female mice were caged with RBGS mice starting at 11 h after hCG injection. Fertilization began in some oocytes even before 2 h after coitus. Most oocytes were fertilized between 2 and 8 h after coitus, (Supplemental Fig. S2 ), indicating that the oocytes in vivo are fertilized one by one over a long time.
Sperm Migration from the Uterus to the Oviduct
Spermatozoa of the RBGS mice, with red fluorescence in the midpiece, were visible through the thick uterine wall. Soon after coitus, spermatozoa were in the lower part of the uterus but none were detected in the narrow canal of the UTJ (Fig. 1,  A-D) . When the uteri were removed from females for observation 15 min after coitus, many spermatozoa were seen in the upper part of the uterus and some already had migrated into the UTJ (Fig. 1, E and F) . To analyze the movement of individual spermatozoa in intramural UTJ, we gently compressed the UTJ area by a cover glass (see Materials and Methods). Under these conditions, none of the spermatozoa observed seemed to be moving. However, time-lapse cinematography taken at 30-sec intervals revealed that some spermatozoa were migrating steadily from the uterus to the oviductal isthmus through the UTJ (Fig. 1 , E and F, and Supplemental Movie S2). We demonstrated that spermatozoa could swim very slowly in a viscous environment (Fig. 1G and Supplemental Movies S3 and S4), as one possible mechanism to explain sperm migration in the gently compressed UTJ.
Sperm Movement and the Acrosome Reaction Within the Isthmus
Spermatozoa migrating from the lower to the upper segment of isthmus were observed using fluorescence microscopy. About 15 min after coitus, we photographed the isthmus at 30-sec intervals while the uterus-oviduct-ovary complex was still attached to animal's body. When the photographs were edited as a time-lapse, we saw many spermatozoa that moved back and forth within the oviduct along with peristaltic movements of the oviduct. As will be seen from Supplemental Movie S5, the site where sperm heads attached from the epithelial surfaces shifted from the lower isthmus to the upper isthmus with time (also see Fig. 2 ).
Migration of artificially inseminated spermatozoa was also examined. When we injected sperm suspension containing about 25% acrosome-reacted spermatozoa into the uterus, it was found that all spermatozoa in the lower isthmus had intact acrosome (Fig. 3, A-D) .
As already reported by Suarez [6] , many spermatozoa within the lower isthmus were beating their tails while their heads were attached to the epithelial surface. A series of images focusing on different Z-axes, edited as Supplemental Movie S1, demonstrated that virtually all the spermatozoa had intact acrosomes at 2 h after coitus (Fig. 3E) . Spermatozoa within the isthmus were moving in random directions.
Sperm Ascent from the Upper Isthmus to the Ampulla of the Oviduct
When we examined the upper isthmus at 4 h after coitus, a few spermatozoa were seen with their heads attached to the epithelial surface and a few others were swimming in the lumen. Some were acrosome reacted. Of 28 spermatozoa in the MURO ET AL.
upper isthmus of three females, 20 (71%) were acrosome reacted (Fig. 4) .
In ampulla, we generally found only a few spermatozoa. A representative photograph of an ampulla 4 h after mating in Figure 5 showed that three out of four oocytes were fertilized by three spermatozoa, with no extra spermatozoa in the ampulla.
The spermatozoa in ampulla were further studied at around 08:00 in naturally ovulated females (estimated 6 h after the ovulation). Three out of 12 females had many more spermatozoa than oocytes in ampulla and were not studied further. In the remaining nine females, the sperm numbers found in ampulla were equal or fewer than in oocytes. In these nine females (18 oviducts), a total of 72 spermatozoa fertilized 72 out of 87 ovulated oocytes (Supplemental Table S1 ). It was demonstrated that at least in the majority of the ampullae, the spermatozoa could fertilize oocytes efficiently.
FIG. 1. Sperm distribution in the uterus and UTJ immediately and 15 min after coitus. The formations of vaginal plug were examined every 15 min after restricted mating (see Materials and Methods).
The uteri and oviducts were removed from the females and subjected for observation immediately after the ejaculation (A-D) and 15 min after the ejaculation (E, F; see also Supplemental Movie S2). G) Indicates 59 sec of very slow spermatozoa movement in a viscous environment. This was recorded in a supplemental 10-min movie and displayed in normal (Supplemental Movie S3) and in fast-forwarded (Supplemental Movie S4) time frames. Normal bright field (A, C, E, G) and fluorescence (B, D, F) imaging. Uterine spermatozoa were indicated by asterisk, and UTJ spermatozoa were observed as many dots (arrow). Unlike in the uterus (acrosome-reacted spermatozoa were indicated by arrow heads), virtually all the spermatozoa that migrated into oviduct had intact acrosomes. E) The acrosomal status of spermatozoa in isthmus 2 h after natural mating was examined using a Nikon Macro confocal microscopy system (AZ-C2þ). See also Supplemental Movie S1 (3100 magnification).
SPERM MIGRATION IN THE FEMALE REPRODUCTIVE TRACT
FIG. 2. Sperm migration inside the isthmus; oviducts were exposed and observed (340 magnification) in situ 15 min after coitus (restricted mating). A)
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DISCUSSION
Sperm Entry and Activity in the UTJ
In laboratory rodents, including the mouse, spermatozoa are deposited almost directly into the uterus during coitus and enter the oviduct via the UTJ. Although papers have stressed the species specificity of the interaction between spermatozoa and the UTJ [13, 14] and the importance of sperm motility for entering the UTJ [14, 15] , we have shown that good sperm motility is not sufficient for successful sperm entry. When we produced chimeras of wild-type and calmegin gene knockout mice, they ejaculated about the same number of wild-type and calmegin-null spermatozoa. Although both forms were equally motile, only wild-type spermatozoa were able to enter the UTJ [16] . As of today, spermatozoa of 13 discrete knockout mouse lines are known to fail to enter the UTJ without any detectable abnormalities in their motility or morphology [17] . Interestingly, all of these spermatozoa are unable to bind to the oocyte's zona pellucida. This implies that a specific interaction between the UTJ epithelium and spermatozoa is essential for successful sperm entry. Its mechanism must be the subject of future investigations.
Sperm Ascent in the UTJ
Sperm tails were observed to beat in extramural UTJ as reported previously [6] . One cannot exclude the possibility that sperm movement might be affected by the gentle compression narrowing the lumen, but the beating of sperm observed in 
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intramural UTJ was very slow. However, because the red fluorescent marker protein (DsRed2) is confined to the mitochondria of the transgenic spermatozoa we used [9] , the movement of the sperm principal piece was not detectable using fluorescence microscopy. One possible reason why spermatozoa in the intramural UTJ beat slowly may be that the narrow lumen of the UTJ is filled with a very viscous fluid. It is known that the endosalpinx epithelium (including the epithelium of the UTJ) expresses hyaluronan synthase-3, for example, in the pig [18] . In bovines, the UTJ lumen contains mucus, and the surface of the oviduct is sticky rather than slippery [19] . According to Suarez and Dai [20] , mouse spermatozoa swim straight in a viscous medium, with low tailbeating amplitude. When we put fresh epididymal mouse spermatozoa into TYH medium with 3% hyaluronate, they looked motionless to the naked eye, but they were in fact moving forward by beating their tail very slowly: only fastforwarded video could detect this motion (Supplemental Movie S3 and S4). Although the presence or absence of mucus within the mouse UTJ is yet to be determined, we speculate that the lumen of UTJ is filled with viscous mucus, which made the spermatozoa move slowly but steadily through the UTJ, as shown in Supplemental Movies S2-S4. In the pig, in which semen is deposited directly into the uterus during coitus, as in the mouse, the UTJ displays peristaltic movement, like the oviduct isthmus and ampulla [21] . Whether the mouse UTJ displays similar peristaltic movements during estrus is another subject for future study.
Sperm Ascent from the Isthmus to the Ampulla
Battalia and Yanagimachi [22, 23] reported that the hamster oviduct isthmus undergoes adovarian peristaltic movements during the periovulatory period and suggested that this might direct spermatozoa toward the ampulla. Since then, various mechanisms have been proposed to explain this migration, including chemotaxis [24, 25] , thermotaxis [26] , and rheotaxis [27] . Some [28, 29] have identified the presence of odorant receptors on spermatozoa and have proposed these to be the chemosensing receptors. All of these hypotheses are based on in vitro experiments and need in vivo experimental evidence.
In the mouse oviduct, sperm are found between transverse mucosal folds [30] until they become capacitated [3] . The hyperactivated motility of capacitated spermatozoa probably enables release from this entrapment [30] . Chang and Suarez [31] reported that the blockage of oviduct contractions with nicardipine did not stop spermatozoa from reaching the first loop of the isthmus or the ampulla. Sperm transport in this region may have some other mechanisms. But as hypothesized previously [22, 23] and shown in Supplemental Movie S5, the detached spermatozoa migrated from the lower to upper region of the oviduct at least in part due to the peristaltic movements of the oviduct.
Acrosome Reaction
In rabbits, some spermatozoa undergo the acrosome reaction within the isthmus before reaching the ampulla [32] . Similarly, guinea-pig spermatozoa undergo the acrosome reaction in vivo when they reach the proximal part of the oviduct or when they are near oocytes [33] . In this study, we found that virtually all spermatozoa in the lower isthmus had intact acrosomes soon after mating. We found many motile spermatozoa without acrosomes in the upper isthmus before they had migrated to the ampulla. At least in the mouse, fertilizing spermatozoa in vitro are likely those that have undergone the acrosome reaction before contacting the oocyte's zona pellucida [8, 34] . Although we could not rule out the possibility that uncurling the oviduct could have caused displacement of a few sperm to the upper isthmus and triggered acrosomal loss, we assume that at least some of the fertilizing spermatozoa must have completed their acrosome reaction within the isthmus before participating in fertilization. However, the mechanisms involved in the regulation of the acrosome reaction in this region were not clarified by the present observations.
Efficiency of Fertilization
We should pay attention on the status of the females because the number of spermatozoa in ampulla is reported to increase in superovulated rat and hamster [35, 36] . As shown in Supplemental Table S1 (data were obtained from the females with no hormonal treatment), only 73 spermatozoa were required to fertilize 73 out of 87 oocytes in these animals. This led us to presume that the reason for the slow progress of fertilization in vivo (Supplemental Fig. S2 ) was partly regulated by limiting the number of spermatozoa migrating into the ampulla. Moreover, the spermatozoa migrated into the ampulla in these animals demonstrated great efficiency in fertilizing eggs. One possible mechanism explaining this phenomenon is that fertilizing spermatozoa in vivo can avoid prolonged interaction with fertilized eggs, possibly based on known postfertilization modifications of the zona pellucida and/or with other unknown mechanisms. From this context, it should be very interesting to observe the behavior of fertilizing spermatozoa in the ampulla using this transgenic mouse line [37, 38] .
In the present experiments, the behavior of mouse spermatozoa in the female reproductive tract was largely beyond our imagination. Although the in vitro experiments helped clarify aspects of the mechanism of fertilization, we should keep in mind the importance of in vivo experiments in the study of fertilization.
